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We investigate the possibility to perform QuantumNon Demolition measurements of the olletive
alignment of an atomi ensemble in the ase of a F ≥ 1 spin. We ompare the ase of purely vetorial
and purely tensorial Hamiltonians and show how to ahieve onditional squeezing or entanglement
of atomi alignment omponents.
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I. INTRODUCTION
The redution in the quantum utuations of an
atomi ensemble angular momentum has reently re-
eived muh attention in onnetion with quantum in-
formation, high-sensitivity frequeny measurements and
high-preision magnetometry. Suh spin-squeezed atomi
states may be obtained via non-linear interation pro-
esses between an ensemble of Λ-atoms and avity elds
[1, 2℄ or by diret mapping of a squeezed state of light
onto the ground state atomi spin [3, 4, 5, 6℄. Another
approah onsists in probing the atomi angular momen-
tum in a Quantum Non Demolition (QND) manner in
order to redue the quantum utuations of one of its
omponents below the standard quantum noise [7, 8℄.
The atomi squeezing is then onditioned on the QND
measurement result and an be atively fed bak to the
atomi angular momentum using a magneti eld [9℄. So
far, these protools have been implemented with esium
atoms [10, 11℄. Sine the angular momentum is greater
than 1/2 a full desription of the atomi state not only
requires to take into aount the three omponents of the
angular momentum, but also the higher order tensorial
omponents. This means that one has to add to the sim-
plied eetive QND Hamiltonian FzSz [10, 11℄ three of
the ve omponents of the atomi alignment, whih in
general will perturb the measurement of the orientation
Fz . It is however possible to hoose the atomi detun-
ing with the exited states suh that their ontribution
is zero or negligible [12, 13, 14℄.
The goal of the present paper is to investigate high-
angular momentum atom situations in whih the Hamil-
tonian is not purely vetorial and show how it is atu-
ally possible to realize QND measurements of the atomi
alignment omponents. Suh measurements may then al-
low for squeezing not only the quantum utuations of
the atomi orientation, but also those of the alignment,
whih are involved in several atom/light quantum inter-
fae protools [2, 15℄. For instane, by ahieving ondi-
tional squeezing of the alignment of an atomi ensemble
ombined by single atomi exitation retrievals using the
DLCZ" protool [15, 16℄, it is possible in priniple to pro-
due exoti atomi states with a non-Gaussian Wigner
funtions, in a way similar to non-Gaussian optial states
[17, 18℄. In addition to being a tool for atomi quantum
noise studies, ontrolling the utuations of the atomi
alignment may be of interest for improving the preision
of magnetometers [10, 19, 20℄. In order to draw simple
onlusions we shall limit ourselves to a rst order linear
atom-eld interation in the optial pumping regime, but
we note that interesting possibilities may also be oered
by orientation/alignment onversion [21℄ and non-linear
seletive addressing of high-rank atomi polarization mo-
ments [22℄.
In Se. II we give the eetive Hamiltonian and derive
the atom-eld evolution equations. After reviewing in
Se. III the well-known vetorial Hamiltonian situation
leading to QND squeezing of the orientation, we exam-
ine in Se. IV the purely tensorial Hamiltonian situation.
We highlight the dierenes with the vetorial situation
and show how QND measurements of the alignment an
be performed, leading to onditional squeezing or entan-
glement of the atomi omponents. The eet of spon-
taneous emission losses on the obtainable squeezing and
the experimental feasibility are disussed in Se. V in the
ase of rubidium atoms.
II. HAMILTONIAN AND EVOLUTION OF THE
SYSTEM
We onsider an optial eld propagating along z whih
interats with an N -atom ensemble in the low saturation
regime and onsider slow proesses as ompared to the
evolution of the exited state populations and optial o-
herenes, whih an be adiabatially eliminated. In this
ase, the eetive Hamiltonian desribing the atom-light
2interation an be written as [12, 13, 23℄
Hint =
∑
F ′
~
σF ′
2A
Γ/2
∆F ′ + iΓ/2
∫ L
0
dz
{αF ′V
2
Fz (z, t)Sz (z, t)
− α
T
F ′
2(F + 1)
[
F 2z (z, t)−
F (F + 1)
3
]
S0 (z, t)
+
αF
′
T
2(F + 1)
(
F 2x − F 2y
)
(z, t)Sx (z, t)
+
αF
′
T
2(F + 1)
(FxFy + FyFx) (z, t)Sy (z, t)
}
(1)
F (resp. F') is the total angular momentum of the ground
state (resp. of one of the exited states), and its artesian
omponents are denoted by Fx,y,z. σF ′ is the resonant
ross-setion of the F → F ′ transition, and ∆F ′ is the
probe one-photon detuning with respet to this transition
(> 0 if blue detuned). A is the eld ross-setion and L
the length of the N -atom medium. The vetorial and
tensorial polarisabilities are denoted by αF
′
V and α
F ′
T and
their exat form, given in Refs. [13, 23℄, is reminded in
Appendix A. The denition for the Stokes operators used
throughout the paper is
Sx = a
†
xax − a†yay (2)
Sy = a
†
xay + a
†
yax (3)
Sz = i
(
a†yax − a†xay
)
(4)
S0 = a
†
xax + a
†
yay (5)
where the eld a with frequeny ω is dened by E =
E0(a+ a†) and E0 =
√
~ω/2ǫ0Ac.
To simplify the disussion and relate it to the experi-
mental situation whih will be onsidered in Se. V, we
assume in the following an F = 1 total ground state spin,
but the physial onlusions would atually remain the
same for a higher angular momentum. The irreduible
tensor operators T kq for F = 1 are given by [24℄
T 10 = Fz/
√
2 (6)
T 1± = ±F±/2 (7)
T 20 = (3F
2
z − 2)/
√
6 (8)
T 2±1 = ±(FzF± + F±Fz)/2 (9)
T 2±2 = (F
2
±)/2 (10)
with F± = Fx ± iFy. In this ase, the Hamiltonian reads
Hint =
∑
F ′
~
σF ′
2A
Γ/2
∆F ′ + iΓ/2
∫ L
0
dz
{αF ′V√
2
T 10 (z, t)Sz (z, t)
− α
F ′
T
2
√
6
T 20 (z, t)S0 (z, t)
+
αF
′
T
4
(T 22 + T
2
−2) (z, t)Sx (z, t)
+
αF
′
T
4i
(T 22 − T 2−2) (z, t)Sy (z, t)
}
(11)
The anti-hermiti terms in the Hamiltonian of Eq. (1)
are due to optial pumping. For an o-resonant in-
teration, these anti-hermiti terms may be negleted,
although their ontribution should be onsidered are-
fully when it omes to optimizing the squeezing as it
will be shown in Se. V. If these terms are negleted
the evolution of the atomi operators is simply given by
d
dtAˆ =
1
i~
[
Aˆ,Hint
]
, whih yields
d
dt

 T
1
0(
T 22 + T
2
−2
)
/
√
2(
T 22 − T 2−2
)
/(i
√
2)

 =∑
F ′
σF ′Γ
4A∆F ′

 0 −α
F ′
T Sy/2 α
F ′
T Sx/2
αF
′
T Sy/2 0 −αF
′
V Sz
−αF ′T Sx/2 αF
′
V Sz 0



 T
1
0(
T 22 + T
2
−2
)
/
√
2(
T 22 − T 2−2
)
/(i
√
2)


(12)
We limited ourselves to this set of three operators, sine it is a losed system under Hˆint and allows for onditional
squeezing of T 22 + T
2
−2 or T
2
2 + T
2
−2 as we will show later. The terms ∝ αV in Eq. (12) orrespond to light-shifts, and
the ones ∝ αT to Raman proesses involving oherenes between sublevels with |∆mF | = 2. Under the slowly varying
envelope and paraxial approximations [5℄, the eld evolution equations read
(
∂
∂z
+
1
c
∂
∂t
)
 SxSy
Sz

 = ∑
F ′
σF ′Γ
4A∆F ′


0 −√2αF ′V T 10 α
F ′
T√
2
T 2
2
−T 2
−2
i
√
2√
2αF
′
V T
1
0 0 −α
F ′
T√
2
T 2
2
+T 2
−2√
2
−αF
′
T√
2
T 2
2
−T 2
−2
i
√
2
αF
′
T√
2
T 2
2
+T 2
−2√
2
0



 SxSy
Sz


(13)
The terms∝ αV in Eq. (13) orrespond to the well known
Faraday rotation. In the following, we will onsider the
Stokes operators before (in) and after (out) the intera-
tion, integrated over the pulse duration T : Sin/out =∫ T
0
dts (0/L, t), and the olletive atomi operators be-
3fore/after the interation A
in/out =
∫ L
0
dzAˆ (z, 0/T ). s
and Aˆ have been normalised so that Sin/out and Ain/out
are dimensionless. We note that the evolution equa-
tions (12,13) an alternatively be dedued following the
methods of [25, 26℄ for the atoms and [27, 28℄ for the
photons.
III. VECTORIAL HAMILTONIAN
For αT = 0, the Hamiltonian (1) redues to the well-
known QND" Hamiltonian ~
σΓ
4A∆
αV
2
SzFz , whih allows
for non destrutively measuring Fz via a measurement of
the onjugate observable of Sz, as was shown in [7, 8, 10,
11℄. We briey review the priniple of this onditional
squeezing of the orientation before generalizing it to an
alignment in the next setion.
Prior to the measurement of Fz, the atoms are pre-
pared in a oherent spin state oriented along x, i.e. the
atoms are pumped into an eigenstate of Fx. The values of
the omponents orthogonal to the mean spin, Fy and Fz,
are unknown a priori, and beause of the ommutation
relation [Fy, Fz] = iFx = iN , their standard deviations
satisfy ∆Fy∆Fz ≥ N/2. When there exist no orrelation
between the transverse omponents, suh as in a sample
prepared by optial pumping, ∆Fy = ∆Fz =
√
N/2.
The atoms are plaed in zero-magneti eld. The probe
is linearly polarized (〈~S〉 = n~x). Integrating the evo-
lution equations, one obtains the following input-output
relations :
xout = xin + κV s
in
z (14)
pout = pin (15)
souty = s
in
y + κV p
in
(16)
soutz = s
in
z (17)
The operators have been normalized so as to have
unity variane when they are in oherent states (x, p =
Fy,z/
√
N/2 and sy,z = Sy,z/
√
n). It is lear that by
measuring the utuations of souty one aquires informa-
tion about the utuations of p (Fz is measured non-
destrutively via the Faraday rotation of the probe po-
larisation it indues). The measurement is all the more
aurate that the vetorial oupling strength
κV = αV
σΓ
4A∆
√
Nn
2
(18)
is large. One therefore onditionally squeezes the atomi
orientation. The varianes of the transverse omponents
after the measurement-indued projetion of souty an eas-
ily be shown to be those of a minimal spin-squeezed state
[29, 30, 31℄
V [xout|souty ] = 1 + κ2V , V [pout|souty ] =
1
1 + κ2V
(19)
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FIG. 1: (a) 4-level sheme leading to a vetorial eetive
Hamiltonian HX ∝ szx. (b) 3-level Λ sheme leading to a
tensorial eetive Hamiltonian HΛ ∝ sxx+ syp.
IV. TENSORIAL HAMILTONIAN
A. Single-pass interation
Another interesting situation is the opposite ase of
a purely tensorial Hamiltonian, in whih αV = 0. In
pratie, the interation involves several hyperne ex-
ited states F ′, so that it is possible to hoose the de-
tuning suh that the various vetorial ontributions van-
ish
∑
F ′ σF ′α
F ′
V
Γ
∆F ′
≃ 0, while the total tensorial on-
tribution
∑
F ′ σF ′α
F ′
T
Γ
∆F ′
does not. It is then possible
to realize a onditional measurement of the alignment in
this partiular situation. Let us assume that the atoms
are prepared in a oherent spin state along z. The on-
jugate transverse omponents in this ase are
T
2
2
+T
2
−2√
2
and
T
2
2
−T2
−2
i
√
2
, sine [
T
2
2
+T
2
−2√
2
,
T
2
2
−T2
−2
i
√
2
] = iN . We nor-
malize them as previously: x = (T22 + T
2
−2)/
√
N and
p = (T22 − T2−2)/(i
√
N) and assume a irularly polar-
ized probe: 〈~S〉 = n~z.
The result of the integration of Eqs. (12,13) an be
found in Ref. [6℄ and is reminded in Appendix B. It
yields input-output relationships involving omplex spa-
tiotemporal modes for the elds and the atoms. For a
thin medium (κT ≪ 1), they lead to the following input-
output relations :
xout = xin + κT s
in
y (20)
pout = pin − κT sinx (21)
soutx = s
in
x + κT p
in
(22)
souty = s
in
y − κTxin (23)
with a tensorial oupling strength given by
κT = αT
σΓ
8A∆
√
Nn (24)
(
∑
F ′ α
F ′
T
σF ′Γ
8A∆F ′
√
Nn if several exited states are in-
volved).
4atomicorientation
quater-wave
plate
miror
z
s+ polarized
probe pulse
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reflection ~ 1
FIG. 2: Shemati of the double pass onguration proposed
to perform a QND measurement of a olletive atomi align-
ment.
The interation is obviously not QND, sine both om-
ponents of the spin are now modied by the eld, and
onversely. This arises from the fat that the eetive
Hamiltonian in this ase, HΛ ∝ sxx + syp, is quite dif-
ferent of the previous vetorial situation HX ∝ szx, and
now involves both quadratures (Fig. 1). As noted in [4℄,
this tensorial Hamiltonian orresponds to a linear ou-
pling between two harmoni osillators whih, when res-
onant, allows for eient quantum state transfer between
atomi and light variables and may be used in quantum
memory protools. As the oupling strength κT is in-
reased, xout and souty (and p
out
and soutx , respetively)
oherently exhange their utuations, and it an indeed
be shown that, when the olletive oupling strength κT
is large, the eld utuations are eiently mapped onto
the atoms and vie-versa [5, 6℄.
However, sine the atomi variables evolve during a
single-pass tensorial" interation, it is a priori not well-
suited for QND measurements. Nevertheless, it is still
possible to perform a onditional measurement of the
alignment by using two ensembles a and b (or by mak-
ing two suessive passes in one ensemble) with opposite
mean orientations, suh that Hint ∝ (xa + xb)sx + (pa +
pb)sy and [xa + xb, pa + pb] = 0. As will be detailed in
the next Setions, this restores the QND harater of the
interation. The physial interpretation is that both eld
quadratures are written onto the atoms in eah ensemble,
but, beause of the opposite orientations, their ontribu-
tions anel out, leaving the total alignment omponents
unhanged, while the eld still arries out information
about both atomi alignment omponents.
B. Double-pass interation
We rst onsider the double-pass geometry depited
on Fig. 2. A quarter-wave plate is inserted between the
ell and the mirror, its neutral axis being aligned along
x. We assume that the same pulse suessively propa-
gates bak and forth in the atomi ensemble, with no
temporal overlap. This is dierent from the situation of
Refs. [32, 33℄, where the pulse interats with itself in the
atomic
orientation
z
s+ polarized
probe pulse
atomic
orientation
FIG. 3: Shemati of the double ensemble onguration pro-
posed to perform a QND measurement of a olletive atomi
alignment.
atomi medium, so that the non linear oupling allows for
unonditional squeezing. We also note that similar ideas
have been proposed for quantum memories and squeezing
generation in Ref. [34℄ in the ase of a purely vetorial
hamiltonian. In [34℄, the seond pass is used to ouple
the seond quadrature of light to the atoms. Again, the
tensorial situation is quite dierent, sine the Hamilto-
nian diretly ouples the two quadratures of light to the
atoms. However, due to the sxx+syp form of the Hamil-
tonian, in order to perform a QND measurement of the
alignment, one has to ompensate for extra preession
terms, whih an be suessfully done with a double-pass.
The double-pass interation subsequently leads to
xout
′
= xin (25)
pout
′
= −pin + 2κT sinx (26)
sout
′
x = s
in
x (27)
sout
′
y = s
in
y − 2κTxin (28)
The measurement of sout
′
y (resp. s
out′
x ) projets
xout
′
(resp. pout
′
) in a state with redued variane
V [xout
′ |sout′y ] = V [pout
′ |sout′x ] = 1 − 4κ2T + o(κ2T ). For a
moderate value of κT = 0.35, these varianes are ∼ 0.5,
signiantly smaller than the standard quantum limit. A
rigorous derivation of the onditional variane, inluding
the terms of order κ2T in the input-output relations (20-
23), an be obtained from the exat results of (B1-B4)
and leads to exatly the same onditional variane. The
measurement of x performed this way is fully QND only
for small values of κT , and will only result in a limited
squeezing in priniple. We now turn to a situation al-
lowing for a QND measurement of the alignment for any
value κT .
C. Double-ell interation
Alternatively, a single-pass interation an be per-
formed with two atomi ells having opposite orientations
- as in [11℄ - in order to entangle the alignment ompo-
nents of two atomi ensembles. As shown in Fig. 3b the
light pulse propagates through two ensembles (a) and (b)
prepared with opposite orientation 〈Faz〉 = −〈Fbz〉 = N ,
5so that the input-output relationships now read
(xa + xb)
out = (xa + xb)
in
(29)
(pa + pb)
out
= (pa + pb)
in
(30)
soutx = s
in
x + κT (pa + pb)
in
(31)
souty = s
in
y − κT (xa + xb)in (32)
If the probe pulse duration is muh longer than the
time required to propagate through the two ells, the
pulse interats simultaneously with the two ensembles.
In this experimentally aessible situation, the previous
relations hold to any order in κT , and the measure-
ment is perfetly QND. Similarly to the vetorial situ-
ation, measuring souty squeezes the variane of xa + xb
to 2/
(
1 + 2κ2T
)
. Note that one has [xa + xb, pa + pb] =
i (Fz a + Fz b) 2/N = 0, sine the two ensembles have op-
posite orientations. It is therefore possible to squeeze not
only the utuations of xa+xb, but also those of pa+pb.
As an be seen from Eq. (31), sending a seond pulse
and deteting soutx instead of s
out
y allows for squeezing
pa + pb, leaving the alignment of the two ensembles en-
tangled. The expeted value of entanglement obtained is
∆EPR = ∆
2 (xa + xb) + ∆
2 (pa + pb) = 4/
(
1 + 2κ2T
)
<
4. Note that the result is the same as in the vetorial
situation of [11℄, but the physial situation is rather dif-
ferent, sine the tensorial situation requires a double-pass
for the alignment measurement to be ompletely QND.
V. ATOMIC NOISE AND EXPERIMENTAL
VALUES FOR
87
RB
A. General Hamiltonian and non-zero frequeny
noise measurements
For a single pass and in the ase of a non-zero κV , the
input-output relations read to rst order in κV , κT
xout = xin + κT s
in
y − κV
√
2n/Npin (33)
pout = pin − κT sinx + κV
√
2n/Nxin (34)
soutx = s
in
x + κT p
in − κV
√
2N/nsiny (35)
souty = s
in
y − κTxin + κV
√
2N/nsinx (36)
In the double-pass geometry desribed in Se. IVB, the
vetorial ontributions anel out and Eqs. (25-28) are
left unhanged, so that the alignment an still be ondi-
tionally squeezed in this sheme. In the double-ell on-
guration, the vetorial ontributions to the eld evolu-
tion (Faraday rotation) naturally anel out, but the ve-
torial ontributions to the atom evolution (light-shifts)
do not. However, a z-aligned magneti eld with Larmor
frequeny ΩL = − σΓ8A∆αV Sz an ompensate for these
light-shifts.
Another experimentally relevant issue is the measure-
ment of the Stokes parameters utuations. Tehni-
al noise is in general smaller than the quantum u-
tuations of light only for higher-frequeny omponents
(typially above 0.1-1 MHz). It is therefore important
to onsider whether the shemes proposed in Se. IVB
and Se. IVC an be extended to non-zero frequeny
noise measurements. In the double-ell onguration,
it an easily be done by means of a z-aligned magneti
eld. The Larmor preession ouples x and p, but in
the frame rotating at 2Ω (Ω is dened by ~Ω = µBz,
where µ is the magneti moment of the ground level and
Bz the magneti eld value). The input-output rela-
tions (29-32) then remain unhanged when making the
substitution x → (x)2Ω = x cos(2Ωt) + p sin(2Ωt),
p → (p)2Ω = p cos(2Ωt) − x sin(2Ωt), et. It is thus
possible to measure in a QND manner the atomi opera-
tors x2Ω and p2Ω through their imprints on the sidebands
omponents of Sx or Sy. Unfortunately, this tehnique
annot be used in the double-pass onguration, sine the
magneti eld would have to be reversed between the rst
and the seond pass, whih is not very realisti experi-
mentally. However, if measurements of the Stokes op-
erators at non-zero frequeny are more easily shot-noise
limited, it was shown in [10℄ that strong spin-squeezing
ould still be obtained experimentally in a zero-magneti
eld/frequeny situation.
B. Atomi noise onsiderations
We now disuss the intrinsi limitations brought by
spontaneous emission noise in the tensorial Hamilto-
nian ase. For the sake of simpliity we study the ase
of a 1 → 0, 1 transitions, with atoms oriented along
z. Using the Heisenberg-Langevin evolution equations
and the quantum regression theorem, we obtain for a
1 → 0 transition (for whih αV = −1/2, αT = −1 and
κT = κV
√
2 ≡ κ0):
xout = xin
√
1− εa +√εafx
+κ0s
in
y − κ0
√
n
N
pin − γ
∆
√
2
κ0s
in
x (37)
pout = pin
√
1− εa +√εafp
−κ0sinx + κ0
√
n
N
xin − γ
∆
√
2
κ0s
in
y (38)
soutx = s
in
x
√
1− εp +√εpfsx
+κ0p
in − κ0
√
n
N
siny −
γ
∆
κ0x
in
(39)
souty = s
in
y
√
1− εp +√εpfsy
−κ0xin + κ0
√
n
N
sinx −
γ
∆
κ0p
in
(40)
with εa = −κ0Γ∆
√
n
N , εp = −κ0Γ∆
√
N
n and fx,p, fsx,sy
standard vauum noise operators with variane unity.
For the 1→ 1 transition, one has αV = −3/4 and αT =
3/2, so that κT = −κV
√
2 ≡ κ1 and similar equations
an be derived. Choosing the detunings suh that κ0 =
6κ1 ≡ κ/2 anels the vetorial terms nally yields the
following input-output relationships
xout = xin
√
1− εa +√εafx + κsiny +
ε′√
2
sinx
pout = pin
√
1− εa +√εafp − κsinx +
ε′√
2
siny
soutx = s
in
x
√
1− εp +√εpfsx + κpin + ε′xin
souty = s
in
y
√
1− εp +√εpfsy − κxin + ε′pin
with εa =
κΓ
2
√
n
N
(
1
∆1
− 1
∆0
)
, εp =
κΓ
2
√
N
n
(
1
∆1
− 1
∆0
)
and ε′ = −κΓ
4
(
1
∆1
+ 1
∆0
)
. One retrieves beamsplitter-
like relations for the losses, similar to those of [8℄. εp
simply desribes absorption of the probe aused by spon-
taneous emission : the probe eld is damped by a fator√
1− εp, and some unorrelated vauum noise √εpfsx,sy
is onsequently added, as for the propagation through
a beamsplitter with transmission
√
1− εp. εa desribes
the symmetrial proess for the atoms : the probe, be-
ause of spontaneous emission, indues optial pumping
towards a z-aligned oherent spin state (whih is similar
to mixing the probe with some vauum). A dierene
with the vetorial situation is the presene of small on-
tamination terms ∝ ε′. They also orrespond to optial
pumping proesses whih tend to align x and p along sx
and sy. To minimize the eet of spontaneous emission
noise, one has to hoose n ∼ N in order to have εa ∼ εp,
as in Ref. [8℄. Finally, the total spontaneous emission
ontribution in the double-pass or double-ell ongura-
tions is nally obtained by doubling εa, εp and ε
′
in the
above equations.
C. Experimental values for
87
Rb
Based on these onsiderations we disuss the values of
squeezing or entanglement that an be expeted in ex-
periments with
87
Rb. We assume an interation on the
D2 line with the atoms in the F = 1 ground state. For
room temperature vapor ells, taking into aount the
Doppler broadening, no detuning allows for ompletely
aneling κV . On the ontrary, for old atoms with negli-
gible Doppler broadening, κV an be aneled for a probe
laser blue-detuned by ∆0 = 38 MHz from the F
′ = 0 ex-
ited level (red-detuned by 34 MHz from F ′ = 1 and 191
MHz from F ′ = 2). For typial values for the density
and volume (1011 m−3 and 0.5 mm3) of a old atom
loud produed using a magneto-optial trap (the lat-
ter being swithed o during the measurement), lead-
ing to N = 0.5 × 108 and taking a pulse of intensity 1
µW and duration 0.5 µs ontaining n ∼ 0.5 × 108 pho-
tons (saturation parameter ∼ 10−3, onsidering a ross-
setion A = 1 mm2), the previous alulations predit
κT ∼ −0.42 and ∼ −5dB of squeezing in the quantum
utuations of T
2
2 +T
2
−2 or T
2
2 −T2−2. Higher values of
κT (and hene higher squeezing values) an be reahed
F’=0 F’=2F’=1
kV
ep
kT
D0
FIG. 4: Vetorial and tensorial oupling strength κV (dot-
ted) and κT (dashed), and amplitude of the noise added to
the probe εp (plain) as funtions of the normalised detuning
∆0 = ∆0/(Γ/2) between the probe and the F = 1 → F
′ = 0
transition of
87
Rb D2 line. The experimental parameters are
detailed in Se.VC. The insert zooms on the detuning area
where the Hamiltonian is purely vetorial.
for longer probe pulses, provided that the duration of
the pulses remains smaller than the relaxation time of
the Zeeman oherene, or by the use of a dipole trap to
inrease the optial depth [14℄. For these parameters, in a
double-pass or double-ell onguration, εa = εp = 0.14
and ε′ . 10−4 (the ontribution of the F ′ = 2 level is
∼ 30 times smaller than those of the F ′ = 0, 1 levels,
and is not onsidered). As the utuations are predited
here to be redued by a fator smaller than ∼ 1/0.14, the
noise added by spontaneous emission an be negleted.
For the sake of omparison, we now disuss the relative
strengths of tensorial and vetorial onditional measure-
ments. In atomi vapors lose to room temperatures,
the detuning is usually hosen bigger than the doppler
broadening in order to avoid absorption [11℄. It implies
that the detuning has to be large as ompared to the hy-
perne struture, and, sine one has
∑
F ′ σF ′α
F ′
T = 0 for
alkali atoms, it means that κT ∝
∑
F ′ σF ′α
F ′
T /∆
′
F ∼ 0,
i.e. the eetive Hamiltonian is then almost purely ve-
torial. This situation is obviously muh more favorable
for orientation than for alignment squeezing.
However, for a doppler-free medium, it is possible to
redue the detuning while maintaining a small absorp-
tion. In this ase, as an be seen from Fig. 4, both κT
and κV (and hene alignment and orientation squeezing)
may have similar values. To ompare these values, we
onsider the ase of a purely tensorial Hamiltonian (i.e
κV = 0, obtained for ∆0 = 38 MHz, ∆0 = 13.2), and the
ase of a purely vetorial one (i.e κT = 0, obtained for
∆0 = 222 MHz, ∆0 = 77). In the rst one, for the ex-
perimental parameters given above, κT = −0.42, κV = 0
and εp = εa = 0.14 whereas in the seond , κT = 0 ,
κV = 0.03 and εp = εa = 0.01. This shows that the
ommon idea that the vetorial oupling strength is big-
ger than the tensorial one is not neessarily true for old
atom samples when the hyperne struture is taken in
aount.
7VI. CONCLUSION
We have shown how to perform a QND measurement
of a olletive atomi alignment. This extends the pos-
sibility to manipulate high-angular momentum ompo-
nents of a olletive spin beyond the vetorial Hamilto-
nian interation ommonly used so far in experiments
[7, 10, 11℄. Notieable physial dierenes are found be-
tween the purely vetorial Hamiltonian situation and the
tensorial situation. In partiular, if it had been noted
in previous work [4, 6℄ that the tensorial situation may
lead to oherent atom-eld quantum state transfer and
storage, we have shown here that it also allows for per-
forming a QND measurement of the atomi alignment,
provided that two ensembles or two suessive passes are
used. Substantial onditional squeezing values are still
predited for realisti experimental situations with old
atomi samples. We also note that these measurements
an be used to ontinuously ontrol the atomi spin u-
tuations via feedbak [10℄. The dierent feedbak meh-
anisms that may be used to squeeze an atomi alignment
will be presented elsewhere.
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APPENDIX A: POLARIZABILITY
The polarisabilities αF
′
V and α
F ′
T are given by
αF
′
V =
3(2J ′ + 1)
2(2F ′ + 1)(2J + 1)
(
−2F − 1
F
δF
′
F−1 −
2F + 1
F (F + 1)
δF
′
F +
2F + 3
F + 1
δF
′
F+1
)
αF
′
T = −
3(F + 1)(2J ′ + 1)
2(2F ′ + 1)(2J + 1)
(
1
F
δF
′
F−1 −
2F + 1
F (F + 1)
δF
′
F +
1
F + 1
δF
′
F+1
)
where δFF ′ is Kroneker's symbol. The resonant ross-setion between two levels with an isotropially populated ground
state is
σF ′ = σ2level
2(2J + 1)(2F ′ + 1)
3
{
J ′ 1 J
F I F ′
}2
with σ2level =
3λ2
2pi . The ommutators between the irreduible tensorial operators T
k
q are [24℄:
[
T k1q1 (Fg), T
k2
q2 (Fg)
]
=
∑
K,Q
(−1)K+2Fg
√
(2k1 + 1)(2k2 + 1)
{
k1 k2 K
Fg Fg Fg
}
×
〈 k1k2q1q2,KQ〉 (1− (−1)k1+k2+K)TKQ (Fg)
APPENDIX B: TENSORIAL SITUATION :
SOLUTIONS OF THE EVOLUTION
EQUATIONS (12-13)
We assume a single-pass interation with αV = 0, as
in Se. IVA. After hanging the spatiotemporal frame
(z, t) → (z = z, t = t − z/c) and making the system di-
mensionless (z, t) → (z = z/L, t = t/T ), the integration
of Eqs. (12-13) yields [6℄
xout = xin − κT
∫ 1
0
dz
∫
z
0
dz′xin(z′)
J1(2κT
√
z− z′)√
z− z′
+κT
∫ 1
0
dtsiny (t)
(∫ 1
0
dzJ0(2κT
√
z(1 − t))
)
(B1)
pout = pin − κT
∫ 1
0
dz
∫
z
0
dz′pin(z′)
J1(2κT
√
z− z′)√
z− z′
−κT
∫ 1
0
dtsinx (t)
(∫ 1
0
dzJ0(2κT
√
z(1 − t))
)
(B2)
8and symmetrial equations for the elds
soutx = s
in
x − κT
∫ 1
0
dt
∫
t
0
dt′sinx (t
′)
J1(2κT
√
t− t′)√
t− t′
+κT
∫ 1
0
dzpin(z)
(∫ 1
0
dtJ0(2κT
√
t(1− z))
)
(B3)
souty = s
in
y − κT
∫ 1
0
dt
∫
t
0
dt′siny (t
′)
J1(2κT
√
t− t′)√
t− t′
−κT
∫ 1
0
dzxin(z)
(∫ 1
0
dtJ0(2κT
√
t(1− z))
)
(B4)
where J0 and J1 are the standard rst order Bessel fun-
tions and the operators have been normalized so as to
have unity varianes when in oherent states. At rst
order in κT , one retrieves Eqs. (20-23).
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